We study analytically the precessional switching of the magnetization of a thin macrospin. We analyze its response when subjected to an external field along its in-plane hard axis. We derive the exact trajectories of the magnetization. The switching versus non switching behavior is delimited by a bifurcation trajectory, for applied fields equal to half of the effective anisotropy field. A magnetization going through this bifurcation trajectory passes exactly along the hard axis and exhibits a vanishing characteristic frequency at that unstable point, which makes the trajectory noise sensitive. Attempting to approach the related minimal cost in applied field makes the magnetization final state unpredictable. We add finite damping in the model as a perturbative, energy dissipation factor. For a large applied field, the system switches several times back and forth. Several trajectories can be gone through before the system has dissipated enough energy to converge to one attracting equilibrium state. For some moderate fields, the system switches only once by a relaxation dominated precessional switching. We show that the associated switching field increases linearly with the damping parameter. The slope scales with the square root of the effective anisotropy. Our simple concluding expressions are useful to assess the potential application of precessional switching in magnetic random access memories.
Obtaining reproducible magnetization switching within the sub-nanosecond regime and the sub-micron range is currently one of the most challenged tasks in nanomagnetism [1] [2] [3] [4] [5] [6] . An intense research activity is currently in progress for measuring [5, [7] [8] [9] the ultrafast dynamics of nanomagnets and for accounting for it numerically [10] . In Magnetic Random Access Memories, it is of paramount industrial interest to design magnetization switching strategies, that succeed to commute the storage elements magnetization in a fast, reliable and energy cost-effective way that can be easily scaled down.
The conventional strategy to switch magnetization is to apply an external field H antiparallel to the magnetization. This strategy is cost effective in quasi-static reversal, when thermal activation helps to overcome the energy barriers [11] i.e. at times longer than a few nanoseconds. In the faster regime, an external field applied antiparallel to M creates no torque on the magnetization, except at the few places where the magnetization is not strictly along the easy axis. The first consequence is that the magnetization rotation starts slowly. The resulting reversal time is typically 2−5 ns [7] , and reducing this time is very expensive in applied field [12] . The second (and worst) consequence is that this strategy is cannot be scaled down in size. It will be even less effective for smaller elements a e-mail: thibaut.devolder@ief.u-psud.fr because their magnetization will tend to more uniformity, which reduces the area undergoing a finite torque, and consequently the switching speed.
In 1996, the seminal work of He et al. [14] studied the effect of fast-rising fields onto the magnetization of macrospins (i.e. magnetic bodies with perfectly uniform magnetization). They predicted using numerical computations that fields non antiparallel to the magnetization, thus triggering precessional motions of the magnetization vector, could induce fast switching events for fields smaller than the Stoner-Wohlfarth criterion [14] . This was confirmed in more details by several authors [13, 15] . The lowest switching field was predicted to be half of the anisotropy field (H K ). The effect of finite rise-time and finite damping were studied [6, 13] by numerical integration of the Landau-Lifschitz-Gilbert (LLG) equation [16] . Deep sub-ns precessional switching events, lasting half a precession period (typically 200 ps) were experimentally confirmed last year [2] [3] [4] 9] . Detailed experimental studies [4] indicated that precessional switching can be achieved at sub-Stoner-Wohlfarth fields on "large" (2 × 5 µm 2 , i.e. non macrospin) particles, but with a slightly less favorable minimal applied field. The reproducibility was questioned when attempting to reach the promised minimal field cost H K /2 [4] . The direct-write reliability issue was studied for larger samples in the cross-wire configuration mimicking a MRAM architecture in [9] .
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In this paper, we report an analytical analysis of the precessional switching of soft nanomagnets. Some very enlightening information has already arisen from numerical integration of LLG equations [6, 15] . However, because of multiple parameters intricacy (damping, field magnitude and orientation, anisotropy, saturation magnetization), only snapshots in the parameter space have been reported so far, obtained through numerical computations. The scope of this paper is to provide a fully analytical analysis of the precessional switching so as to derive the general behavior versus the full set of parameters. In doing so, we find the criteria for the success of a precessional switching strategy.
Section 1 is devoted to the magnetization trajectory when damping is neglected. We show how the magnetization trajectory deforms when the anisotropy is varied above H K /2. The time evolution of the magnetization is slowed down by the anisotropy. It is found that the magnetization switches if a bifurcation criterion is satisfied, which depends on the initial magnetization. The bifurcation trajectory passes exactly through the hard axis which is a stationary and unstable magnetization position. It makes this trajectory very sensitive to any fluctuation, and fundamentally unpredictable when attempting to approach the minimal cost in applied field in realistic conditions.
In Section 2, the effect of damping is analyzed in a perturbative manner, and criteria are derived for the analytical assessment of the switching ability of a given set of experimental parameters. A special focus is dedicated to the relaxation dominated precessional switching, where the minimal cost in applied field is shown to increase linearly with the damping constant, the slope of this dependence scaling with the square root of the anisotropy. Finally, we make a thorough comparison with results obtained from direct time integration of the equation of motion.
Magnetization dynamics of a macrospin can be accurately described by the well-known Landau-Lifshitz equation [16]:
where γ 0 = γµ 0 and γ/2π = 28 GHz/T is the gyromagnetic factor [17] , and the instantaneous effective field is the sum of the applied field H, the anisotropy field H K and the demagnetizing field H D . For a macrospin, the magnetization M is uniform and the exchange field is zero. The relaxation towards equilibrium is described phenomenologically by the damping constant α. Throughout this paper, international SI units are used: H and M are in A/m, µ 0 H and µ 0 M are in tesla, and γ 0 H and γ 0 M S are frequencies.
The applied field points strictly along the +(y) direction (see inset in Fig. 1A) . We define h = H/M S > 0 its reduced strength. We define m = M/M S the reduced magnetization, and m x , m y , m z its projections. The system has an easy axis along (x), i.e. in the sample plane, assumed to arise from both shape and magnetocrystalline uniaxial anisotropy. The initial magnetization is assumed at rest exactly along the +(x) axis, except for equation (10) for which m (t=0) is arbitrary.
The magneto-crystalline anisotropy field is along (x) and it is H K = h k M S m x .
